ABSTRACT The uptake and fate of pinocytosed fluid were investigated in monolayers of pulmonary alveolar macrophages and fetal lung fibroblasts using the fluid-phase marker, [14 C]sucrose . Initial experiments revealed that cellular accumulation of chromatographically repurified [14 C]sucrose was not linear with incubation time . Deviation from linearity was shown to be due to constant exocytosis of accumulating marker . Chromatographic analysis revealed that the cells were unable to metabolize sucrose and were releasing it intact by a process that was temperature-sensitive but not dependent on extracellular calcium and magnesium . A detailed analysis of the kinetics of exocytosis was undertaken by preloading cells with [ 1 'C] sucrose for various lengths of time and then monitoring the appearance of radioactivity into isotope-free medium . Results indicated that modeling the process of fluidphase pinocytosis and subsequent exocytosis required at least two intracellular compartments in series, one compartment being of small size and turning over very rapidly (t 1/2 = 5 min in macrophages, 6-8 min in fibroblasts) and the other compartment being apparently larger in size and turning over very slowly (t 1/2 = 180 min in macrophages, 430-620 min in fibroblasts) . Computer-simulation based on this model confirmed that the kinetics of efflux faithfully reflected the kinetics of influx and that the rate of efflux completely accounted for the deviation from linearity of accumulation kinetics . Moreover, the sizes of the compartments and magnitude of the intercom partment fluxes were such that the majority of fluid internalized in pinocytic vesicles was rapidly returned to the extracellular space via exocytosis . This result provides direct experimental evidence for a process previously thought necessary based solely on morphological and theoretical considerations . Furthermore, the turnover of pinocytosed fluid was so dynamic that accumulation deviated from linearity even within the first few minutes of incubation . We were able to show that the kinetics of exocytosis allowed calculation of the actual pinocytic rate, a rate that was nearly 50% greater than the apparent initial rate obtained from the slope of the uptake curve over the first 10 min .
the homeostatic mechanism by which intracellular volume is kept constant but also necessary for unequivocal quantitation of fluid-phase pinocytosis .
MATERIALS AND METHODS

Cells
Guinea pig alveolar macrophages were lavaged from lungs as previously described (23) Unless specifically indicated, the medium used for experiments with macrophages was Dulbecco's PBS, pH 7 .4, supplemented with one g/t glucose and a complete complement of amino acids, all at physiological levels. The medium used for experiments with fibroblasts was identical to that described above for macrophages except that it was also supplemented with 2% FBS. The pH of the media remained a constant 7 .2-7 .4 throughout the entire 5-h experimental period (data not shown).
Chromatographic Purification of Radiolabeled Sucrose
Chromatography of the radiolabeled sucrose (as described below) revealed that radioactive glucose and fructose were present in all commercially available preparations tested. The extent of contamination was very variable and dependent on the nature of the radiolabel, the range being 0.7-6 .4% contamination for "Clabeled sucrose and 3 .7-13 .3% for ''H-labeled sucrose. (Simultaneous but independent of this work was a report by Ose et al . [27] which indirectly came to the same conclusion.) Therefore, all radiolabeled sucrose was routinely repurified before use.
Samples were applied to strips of Whatman #1 chromatography paper (Whatman, Inc., Clifton, N . J .) by repeated spotting with a 5,ul Drummond microcap under a stream of air (Drummond Scientific Co ., Broomall, Pa .) . Chromatography was performed in a 28 x 60 cm cylindrical glass tank, lined with Whatman # 1 paper and pre-equilibrated overnight with the n-butanol, ethanol (95%), water (104: 60 : 20) solvent system (30) used to develop the chromatograms by descending chromatography for 14-18 h at room temperature .
For analytical purposes, the chromatographic profile was determined by slicing the chromatogram into sections I cm in length . Each section was folded accordion-style, placed in a scintillation vial, eluted with water for 30 min, and radioassayed with Aquasol-2 (New England Nuclear, Boston, Mass.).
For preparative purposes, a narrow strip of the chromatogram was assayed as described above to locate the sucrose peak . The sucrose peak was eluted with water from the remainder . Efficiency of recovery was 80-90%.
R r values closely approximated published values (30) and were as follows : sucrose, 0.11 ; glucose, 0.17 ; fructose, 0.22 . These values varied ± 20% depending on the mode of sample preparation . Occasionally, the two monosaccharides comigrated as one peak, but always were cleanly separated from the sucrose .
Experimental Design : Uptake and Subsequent Release of (' 4 
C]sucrose
Monolayers were washed free of any nonadherent cells and incubated with medium containing ["C]sucrose for various lengths of time at the indicated temperature. At the end of incubation the medium was removed with a Pasteur pipet, the monolayers rapidly washed 6 times with ice-cold PBS and the dishes quickly drained by inversion onto absorbent paper. The monolayers were immediately reincubated to study the release of radioactivity from the cells. The reincubation medium was identical to that used during incubation except that isotopically labeled sucrose was omitted . (Unlabeled sucrose was not included in this medium as preliminary experiments showed that its presence (701aM) during reincubation did not affect results .) At intervals over the next 2 h the reincubation medium was collected and replaced with fresh medium. The cell monolayer was finally solubilized in 1% (wt/vol) SDS (except for chromatography, see below) .
Both media and cell fractions were assayed for radioactivity as described below .
The total radioactivity present in the cell monolayer at the commencement of reincubation was determined by adding the accumulated radioactivity released during reincubation to the radioactivity remaining associated with the monolayer.
Controls for accumulation of label at zero-time and its subsequent release were performed for each experiment to determine the efficiency of the washing procedure and the extent of ["C]sucrose binding (adsorption) to, and dissociation from, the cell membrane and culture dish . From these controls it was calculated that the washing procedure left behind <0.001% of the extracellular volume and that only for incubation periods shorter than 30 min could the radioactivity contained in this volume account for >5% of the cell-associated radioactivity (e .g.
for 5-min incubation periods the zero-time control represented 25% of cellassociated radioactivity in macrophages and 35% in fibroblasts) . For all kinetic studies reported, release after a zero-time loading was subtracted from reported values.
For chromatography, the cell monolayer was solubilized in l M NH,OH, evaporated to dryness under a stream of nitrogen gas, redissolved in water and, after addition of three volumes of 95% ethanol, chilled overnight . The ensuing precipitate was then pelleted by low speed centrifugation and the supernate evaporated to a final volume of --50 fit and chromatographed as described .
Radioassay
Radioassay for ''H and "C was performed with the scintillant, Aquasol-2 (New England Nuclear), on a Packard Tri-Carb liquid scintillation spectrometer, Model 3320, (Packard Instrument Co., Inc ., Downers Grove, Ill.) with an average efficiency of 28% for :'H, 37% for "C, and 25% spill of "C into the 'H channel .
Quench and spill were monitored by external standard .
Protein Determination
Protein content of solubilized cell monolayers was determined by the method of Lowry (24) using bovine serum albumin as a standard.
Materials
The following materials were obtained from the indicated sources : male guinea 
RESULTS
Kinetics of (' 4 CJsucrose Accumulation
Monolayers of pulmonary alveolar macrophages and IMR-90 fetal lung fibroblasts accumulated ["C]sucrose at a rate that decreased with time ( Fig. 1) . This was the finding one would expect if the cells were in net volume balance, that is, once the exocytic rate of the accumulating marker started to approach the endocytic rate of marker in the medium, the intracellular compartment(s) began to approach steady state . However, there were at least two alternate explanations that had to be investigated: (a) The cell's pinocytic activity was decreasing as a function of time in culture . (b) The [ t°C]sucrose was being internalized, degraded, and the radiolabeled degradation products were escaping from the cell .
To test the first alternative, sets of monolayers were coincubated in the presence of tracer levels of unlabeled sucrose . At Time (min) FIGURE the beginning of each hour over the next 3 h, ["Clsucrose was added to one set of cultures and cell-associated radioactivity measured 1 h thereafter . Table I shows that the rate of ["Clsucrose accumulation over succeeding 1-h periods remained constant . Furthermore, we incubated one set of monolayers with ["Clsucrose for I h, then transferred this medium to a second set of monolayers that had already been in culture for 3 h and assayed for cell-accumulated radioactivity 1 h later.
Results were identical in pre-and posttransfer cultures (Table  I) . Therefore, we concluded that the cells remained fully active throughout the experiment and that the progressive decrease in the rate of ["Clsucrose accumulation could not be due to inherent deterioration of the cells or an adverse effect brought on by some cell-associated, time-dependent change in the medium. In line with this conclusion, the possibility that decreasing accumulation with time could be due to depletion of isotopic sucrose from the medium was easily ruled out because only 0.3% of the ["Clsucrose in the medium was cell-associated after 4 h of incubation .
To determine whether the cultured cells were metabolizing ["Clsucrose and releasing the degradation products or simply releasing intact ['"C]sucrose, we pulsed monolayers for 1 h with ['"C]sucrose, chased with ['"C]sucrose-free medium for 1 h, and analyzed the chase medium and solubilized cell monolayers by paper chromatography and radioassay . Chromatographic analysis revealed that >98% of the released radioactivity was [ t "C]sucrose . Likewise, it was found that >98% of the radioactivity remaining associated with the cell layer was [ t "C]sucrose . Commensurate with this, no radiolabeled degradation products of sucrose were detectable in either the chase medium or the cell layer (data not shown) . Finally, the total radioactivity associated with the cells at the commencement of the chase was recoverable from the chase medium and cell layer, indicating no significant loss of label due to metabolism of ["Clsucrose to t"CO2 . Thus, this experiment provided direct evidence that alveolar macrophages and lung fibroblasts released previously accumulated ['"C]sucrose, released it intact, and did not metabolize sucrose in culture.
Origin and Significance of ["Clsucrose Release
A number of experiments were performed to determine the nature of the release process. In the following sections only the macrophage data will be presented in detail . Results obtained in an identical manner on fibroblasts will be provided in a summarized form for comparative purposes . Macrophages were incubated in medium containing ["C]-sucrose for 1 h after which the medium was removed, the monolayers rapidly and thoroughly washed, drained, and reincubated with isotope-free medium under specified conditions. Table II shows that release was sensitive to temperature and did not require extracellular calcium and magnesium (at least at a concentration > 1 nM) . These two results argue in favor of the hypothesis that release is a manifestation of continuous exocytosis . To support this hypothesis further, we sought to eliminate the possibility that released ["C]sucrose was merely derived from binding to, and temperature-dependent dissociation from, the plasma membrane or culture dish. Table II shows that in the presence of invertase at 4°C, no additional radioactivity was released above that which was normally released at 4°C . This same result was also obtained in medium containing invertase plus excess glucose and fructose, the latter two components added to insure against uptake of ["C]glucose and [14C] fructose in the event that ["C]sucrose was accessible to the hydrolytic action of invertase at 4°C (Table II) . Incubation of ["C]sucrose and invertase together under conditions identical to those used in Table II (Table II) . Furthermore, cells exposed to ["C]sucrose for 1 h at 4°C, washed and reincubated for 20 min at 37°C, released only 10-15% of the radioactivity released after a 1-h loading at 37°C (data not shown) . Finally, we recently have found that the release process is modulated by physiological levels of amino acids (Besterman, Airhart, and Low, manuscript submitted for publication) an unlikely occurrence if simple dissociation of adsorbed sucrose was involved . Taken together, these findings provide further evidence that release is the expression of exocytosis and not merely an artifact of experimental protocol. Monolayers of 3 x 106 pulmonary alveolar macrophages were incubated in medium containing ['°C] sucrose for 1 h at 37°. The medium was then rapidly and thoroughly removed as described in the text and the monolayers immediately reincubated in isotope-free media under the conditions specified in the table. Standard reincubation conditions were : Dulbecco's PBS supplemented with 1 mg/ml glucose and a complete complement of amino acids, pH 7.4, 37°. When present, fructose was at a final concentration of 1 mg/ml and invertase at 100 U/ml . The minus Ca' +/Mg" condition was obtained by addition of EDTA to 1 mM, which reduced the free concentration of these two ions to below nanomolar levels as calculated using available affinity constants (36) . Data are expressed as the mean ± SD, n=3.
Next, we wished to test the possibility that ["C]sucrose release merely reflected cell death or detachment during the course of incubation . Before exposure to 
Kinetics of Exocytosis
To describe the process of sucrose release more completely, macrophage monolayers were incubated with ["C]sucrose for various lengths of time (loading time) and the kinetics of exocytosis monitored by subsequent reincubation in isotopefree medium (Table III) It was apparent that the kinetics of exocytosis could not be described by a single exponential process ; rather, a minimum of two exponentials were required to fit these data . Virtually identical kinetic parameters were obtained regardless of the length of loading, that is, there was first a rapid loss (tt/2 = 5 min, see below) followed by a much slower release (tt/2 = 180 min) . The half-life of the faster component was obtained by extrapolation of the slower component back to the ordinate and the values so generated subtracted, point-for-point, from the faster component ("curve peeling" ; [17] ) . The difference curve is plotted in Fig . 3 B, the slope being a function of the half-life of the faster component only .
They intercepts obtained by back extrapolation of the slower component were taken as a measure of the distribution of the ["C]sucrose among two kinetically defined intracellular compartments. Thus, after a preload of 5 min,^-35% of the intracellular ["C]sucrose behaved kinetically as if it was located in the slowly turning over compartment whereas after a preload of 120 min or greater, --90% of the ["C]sucrose is found in the slower compartment .
The true endocytic rate can be calculated from these data describing the kinetics of exocytosis with the only assumption being that the cell's volume remains constant . This was accomplished by determining the size and turnover rate of each BESTERMAN B.
Cells/Culture (A)I-9 compartment . By example, for macrophages, after 180 min of incubation, 10% of the cell accumulated radioactivity turns over rapidly {t,i2 = 5 min) while 90% turns over very slowly (t,/2 = 180 min ; Fig . 3A ) . Therefore, of the 11,100 cpm accumulated intracellularly in 180 min of incubation (Fig. IA) 72 0 THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981
1,110 cpm were located in the fast compartment and 9,990 cpm were located in the slow compartment . Because the fast compartment was already at steady state, it's "size" was 1,110 cpm whereas the size of the slow compartment, because it was only "half-full", was twice 9,990 or 19,980 cpm (Table IV) . From the t,i2 of the two compartments, the fractional turnover rates (called k, having units of %/min) for each compartment could be obtained from the equation : k = 0 .693/t2 (35) . This fractional turnover rate multiplied by the size of the compartment yields the absolute turnover rate (called K, having units of cpm/min). Thus, at steady state, 154 cpm were exocytosed from the fast compartment each min while 80 cpm were exocytosed from the slow compartment each min. Therefore, each min 234 cpm were exocytosed from the cell as a whole and consequently 234 cpm must have been endocytosed per min at steady state . Thus, the true exocytic rate was 234 cpm/ min (Table IV) .
Having concluded that at least two exponential processes were required to describe the observed kinetics, we next asked whether these two processes (compartments) were acting in parallel or in series . Because in a sequential model the slow compartment must be the second one to fill (designated compartment 2), an analysis of the kinetics of filling of this compartment would allow us to distinguish between the two models . By knowing the kinetics of total intracellular accumulation of ["Clsucrose ( Fig. 1 ) and the size and half-life of the fast compartment (Table IV) , we were able to determine at each time-point how much of the total intracellular ["Clsucrose was in the fast compartment, and, thus, by subtraction, how much was in the slow compartment . Fig . 4A presents the initial kinetics of accumulation of ["Clsucrose into the slow compartment, determined as just described . It is apparent that there is a lag in the initial appearance of isotope into this compartment. This fact alone is evidence that the slow compartment does not fill directly from the isotopic source, namely, the extracellular medium . Moreover, if the accumulation of ['"Clsucrose into the slow compartment is now replotted as a function of t" (where n is any integer ? 1 ; Fig . 4 B) , that value of n which linearizes the data is a measure of how many intermediate compartments lie between the compartment of interest (slow) and the source (see Appendix I for derivation of this analysis) . If linearization occurs when n = 1, then there are no intermediate compartments and the compartment of interest fills directly from the source . If n must equal 2, as it does in Fig . 4B , then this indicates that isotope passes through one intermediate compartment before reaching the compartment of interest, which in this case is the slow compartment . It can also be seen in Fig . 4 B that when n is overestimated (e.g. n = 3), a nonlinear relationship is once again obtained .
Additional verification of the sequential model was obtained as follows: the slope of Fig . 4B with n=2 (450 cpm/59 min e) is equal to (K,) (k2 )/2 (see derivation), where K, is the absolute rate constant for flux from the medium to compartment 1 and k 2 is the fractional rate constant for flux from compartment 1 to compartment 2, as diagramed in Fig. 5 . Because the value of K, had been determined to be 234 cpm/min (see above), k2 remains the only unknown and from this equation was calculated to be 6 .5%/min . Another independent approach also allowed determination of k2: K2 equals k2 times the size of compartment #1 . Rearranging and substituting in the previously determined values for K2 and the size of compartment # 1 (see above): k2 = K2 /size of compartment # 1 = 80 cpm/ min divided by 1,110 cpm . = 7 .2%/min . The fact that nearly Monolayers of 3 x 106 pulmonary alveolar macrophages were incubated in medium containing [ 14 C]sucrose at 37°for various lengths of time (loading time) . The medium was then rapidly and thoroughly removed as described in text and the monolayers immediately reincubated in isotope-free medium at 37°to study the release of radioactivity from the cells . At specified intervals over the next 120 min, the medium was collected and replaced with fresh medium . The cell monolayer was solubilized at the conclusion of the 120 min reincubation . All fractions were assayed for radioactivity (expressed in cpm) as described in Materials and Methods.
identical values of k2 were obtained in both cases provides another strong argument in favor of accepting the conclusion that the sequential model is correct .
Model Testing by Computer Simulation
Until now we have tacitly assumed that the kinetics of exocytosis were the same as for endocytosis. We tested this assumption by determining whether the kinetic constants derived solely from monitoring exocytosis were capable of accurately describing endocytosis when used in a computer program designed to simulate the sequential model (Appendix IIA) . Fig.  6 shows the remarkably close fit between the computer-simulation and experimental time-courses of intracellular accumulation. Thus, we conclude (a) that the kinetics of ['"C]sucrose efflux faithfully reflect the kinetics of ["Clsucrose influx and (b) that the rate of efflux alone completely accounts for the deviation from linearity of accumulation kinetics . DISCUSSION Steinman et al. (37) have shown from their stereological studies that the process of pinocytosis must involve the very rapid exchange of fluid volume into and out of the cell . A major goal of our studies was to monitor the movement of a fluid-phase marker through the cell, thus directly quantitating the dynamics of the system . To follow the movement of pinocyoed liquid we chose to use the fluid-phase marker, ['"C]sucrose, for the following reasons . It has been shown that the cell membrane is impermeable to sucrose (7) , that sucrose is not metabolized by peritoneal macrophages (9), liver (20) , or other cell types (16) , that sucrose does not adsorb to the cell membrane (44) , and that sucrose at tracer levels does not affect the rate of fluidphase pinocytosis as indicated by other fluid-phase markers (32).
The results described in this work demonstrated that (a) the rate of accumulation of ["Clsucrose by monolayers of pulmonary alveolar macrophages or fetal lung fibroblasts decreases with time (Fig. 1) ; (b) that this decrease is due to release of previously accumulated ["Clsucrose intact; (c) that at least two intracellular compartments are required to describe the kinetics of exocytosis (Fig. 3) ; (d) that these two intracellular compartments are arranged sequentially rather than in parallel (Fig.  5) ; (e) that these two compartments appear to have distinctly different half-lives and sizes, one compartment being small and turning over very rapidly and the other being apparently larger and turning over very slowly (Table IV) ; (f) that using the kinetic constants derived from monitoring exocytosis, computer generated accumulation curves very closely matched observed accumulation kinetics (Fig. 6 ), confirming our conclusion that, had exocytosis not occurred, accumulation would have been strictly linear with incubation time ; and (g) that the kinetic constants describing exocytosis can be used to calculate accurately rate constants describing endocytosis .
Our results have culminated in the working model summarized in Fig. 5 . A salient feature of the model is that it accomodates the observation that accumulation of a fluidphase marker deviates from linearity very early in its timecourse . It should be noted, however, that the literature is replete with apparent contradiction concerning this matter; some investigators have reported linearity up to 6 h (1, 2, 29, 32), others have provided results in agreement with our own (27, 38) , while still others have reported linear accumulation of one fluid-phase marker and nonlinear accumulation of another in the same cell type (12, 31) . In some cases there may be a methodological explanation for why "linear" accumulation was obtained . For example, Davies and Ross (12) found that accumulation of [ t "C]sucrose by Swiss 3T3 cells appeared linear for up to 6 h while we have observed nearly linear [ 1"C]sucrose accumulation for 3 h in rabbit alveolar macrophages (4) . The protocol used by Davies and Ross required a prolonged washing regimen (reincubation for 30 min at 37°) after the loading period, as did our past protocol (for unrelated reasons) . However, we have now found that the radioactivity remaining associated with a cell monolayer after a chase period behaves far more linearly with time than does the actual accumulated radioactivity (Table III , CPM remaining in cells) . This quirk may explain why accumulation appeared to be linear in both cases.
A cornerstone of our model is the dynamic role of exocytosis in cellular volume homeostasis, as illustrated by release kinetics . A search of the literature found references to release of intracellularly accumulated pinocytic markers in a host of in Reincubation Time (min) Values were determined as described in text using data from Figs . 1 A and 3 for macrophages and fig. 1 B and data analogous to that in Fig. 3 for fibroblasts . 29), we calculated that rat peritoneal macrophages released previously accumulated 1251-PVP with kinetics reflecting processes of 5-to 10-min and 800-to 900-min half-lives, whereas from the data of Ose et al. (27) , we calculated that rat hepatocytes released previously accumulated 125 1-PVP with kinetics reflecting processes of 5-to 10-min and 300-to 400-min half-lives . In only one of these reports (27) was there an attempt to characterize this release to determine its significance . These workers found that release was greatly inhibited at 4°C, a finding consistent with our own . Considering the differences in cell types, experimental design, and methodology it seems more than fortuitous that these other systems also could be modeled in a manner similar to our scheme for alveolar macrophages and fibroblasts and yield such similar kinetic parameters . It remains to be seen if this is a feature common to all mammalian cells .
In contrast, there have been reports that the pinocytic markers, horseradish peroxidase (HRP) (38) and colloidal gold (8) do not get regurgitated into the culture medium . Concerning the report using HRP, the prolonged washing regimen used to remove the extracellular marker (30-60 min at 37°C) may explain why significant release was not observed in a subsequent 30-min reincubation. Concerning the report on colloidal gold, it is unclear why release was not observed in mouse peritoneal macrophages because release of colloidal gold was observed in rat peritoneal macrophages (29) .
We believe that exocytosis of previously accumulated pinocytic marker (['"C]sucrose) is a manifestation of a continuous, constitutive homeostatic process that may be set to a new steady state level, but is not turned on or off by an extracellular trigger. In this regard, we found that exocytosis was unaffected in both macrophages and fibroblasts by the removal of extracellular calcium and magnesium . This finding supports the above contention because it has been reported that in cells where secretion is also considered a continuous process (i.e . immunoglobulins by plasma cells [40] , procollagen by fibroblasts [41] , and secretory proteins by activated peritoneal macrophages [41] ) exocytosis is independent of extracellular calcium, whereas in those cell types that secrete only when appropriately stimulated (classically, endocrine and exocrine gland cells, e .g . pancreatic beta cells [101, pancreatic acinar cells [18] , adrenal medulla [13] , and neurohypophysis [14] ), exocytosis requires the presence of extracellular calcium.
There are alternative explanations for the results in this paper that need to be addressed . First, the kinetic compartments could result from a functionally heterogeneous cell population . We consider this possibility highly improbable because we have demonstrated that the two kinetic compartments are arranged sequentially. Second, Berlin et al. (2, 3) and Quintart et al . (31) have recently shown that endocytic function varies during the course of the cell cycle ; notably, pinocytosis A. 15r Time (min) FIGURE 6 Comparison of computer is depressed during mitosis . Conceivably, this variable could confound interpretation of long-term kinetic studies in dividing cells, especially if the cells were synchronized . However, because normal pulmonary alveolar macrophages are an end-line cell (43) , few, if any, of these cells undergo division in culture . Fibroblasts, on the other hand, are prolific in vitro, but because we have used confluent cultures of a nonsynchronized population, we believe that cell cycle associated changes in endocytic function are unlikely to have influenced our results in this cell type . Third, the possibility that permeation of intracellularly accumulated [ 14 C]sucrose contributes to release has not been entirely eliminated . However, we believe that this mechanism is unlikely to be a major consideration because (a) fluid-phase markers that possess charges and sizes distinctly different from ["C]sucrose (e .g. L21 I-PVP) show release kinetics similar to that found for [ 14 C]sucrose (27, 29) and (b) amino acids modulate release kinetics in a manner not consistent with a diffusionmediated mechanism (Besterman, Airhart and Low, manuscript submitted for publication). The elegant work of Steinman, Brodie, and Cohn (37) was fundamental in establishing the dynamic nature of pinocytosis. Their morphological approach revealed that the HRP-reactive pinocytic vesicle space labeled completely within minutes after exposure to the enzyme, whereas the secondary lysosomal compartment required an hour to do so . Therefore, the most straightforward morphological correlate to our kinetically derived model of intracellular compartmentation is a scheme wherein pinosomes comprise our rapidly turning over compartment and (secondary) lysosomes comprise our slowly turning over compartment .
Assigning a distinct cellular substructure to each kinetically derived compartment provides a broader base for conjecture concerning the nature of the intercompartmental fluxes described, though the anatomical-to-kinetic correspondence is by no means proven . We have calculated that of the fluid entering the pulmonary alveolar macrophage per min, approximately two-thirds behave within an intracellular half-life of 5 min and one-third behaves with a half-life of 180 min (Table IV) . This result can be interpreted in at least three ways . One scenario postulates that for a given pinosome, two-thirds of its contents rapidly egress from the cell while one-third continues on with the pinosome, fuses with the secondary lysosome, and pass through this slowly turning over compartment . The two other possibilities are both of the all-or-none type; that is, the entire contents of a single pinosome behaves identically. One of these latter models postulates that the pinosome population is ho-72 4 THE JOURNAL Of CELL BIOLOGY " VOLUME 91, 1981 mogenous, but the probability that a given pinosome rapidly fuses with the plasmalemma is twice that of that pinosome fusing with a secondary lysosome . The alternative hypothesis is that the pinosome population consists of two subpopulations, one of which rapidly recycles and one that fuses with the lysosome . Table IV defined the sizes of compartments 1 and 2 and the intercompartmental fluxes in terms of the amount of radioactive sucrose that was associated with each compartment or flux at steady state. It is possible to calculate the corresponding volumes for these compartments and fluxes assuming that the cell cannot concentrate sucrose . By dividing the sizes and fluxes given in Table IV by the concentration of ["C]sucrose radioactivity in the original media (27 cpm/nl for macrophages ; 39 cpm/nl for fibroblasts), the volumes and fluxes listed in Table  V were obtained . These compartmental volumes and fluxes were next expressed as a percent of total cell volume . When the relative compartmental volumes for alveolar macrophages are compared to the relative volumes of the pinosomal and secondary lysosomal compartments in peritoneal macrophages as determined by stereology by Steinman et al . ( [37] ; 2 .65 and 2 .53% of total cell volume, respectively), we find that the relative volume calculated for compartment 1 (2 .1-2 .7% of total cell volume) is in excellent agreement with their determination for pinosomes (2 .65% of total cell volume) whereas the relative volume calculated for compartment 2 (37-49% of total cell volume) is 15-20 times greater than their determination for secondary lysosomes (2 .53% of total cell volume). This apparent discrepancy warrants further attention. From the literature, it is clear that the volume of the vacuolar system is extremely sensitive to environmental conditions (8) . The peritoneal macrophages on which Steinman et al . made measurements were cultured under conditions known to favor a small lysosomal space (37) whereas our culture conditions for alveolar macrophages are likely to have maximized the lysosomal space (21) . Therefore, it is probable that conditions were optimal for detecting a difference . Even with this consideration in mind, the magnitude of the discrepancy makes it hard to avoid concluding that either (a) pinocytosed ["C]sucrose redistributed to cellular compartments other than lysosomes or (b) that our calculated volume is spurious because the ["C]sucrose has become concentrated inside the lysosomes . The first interpretation is tempting because of its simplicity and an interconnecting network such as GERL (26) could conceivably provide access to other cellular compartments . However, we are unaware of any data demonstrating distribution of fluid-phase Values were determined by analyzing the data in Table IV as described in text . * The total cell volume for guinea pig alveolar macrophages was taken to be equivalent to 1 .5-2 .0 Id/106 cells as determined by ). Porter, J .
A. Airhart, and R. B. Low (unpublished observations). The total cell volume for confluent IMR-90 fibroblasts (population doubling level 20-30) was taken to be 2. markers to compartments others than secondary lysosomes. Therefore, if we are to conclude that a fluid-phase marker (i .e .
["C]sucrose) can be concentrated inside a compartment of the cell (e .g. the lysosome), this poses theoretical and practical implications for interpretation of a kinetic analysis of cellular dynamics. First, we will consider the impact on the applicability of and values for the kinetic constants and the volumes of the two intracellular compartments . Because our determination of the volume of compartment 1 closely matched the volume of its most likely anatomical identity, namely the pinosomal compartment, it is reasonable to assume that the magnitudes of our calculated kinetic constants K i , K2, K3, and k3 and the calculated volume of compartment 1 characterize the behavior of both [1 "C]sucrose and its associated fluid volume equally well . However, in light of the possibility that [ 1"C]sucrose can be concentrated in compartment 2 (e.g. the lysosome), the flux of the accompanying water must be even faster. Therefore, the magnitude of the calculated kinetic constants, k2 and k4 and the size of compartment 2 pertain to ['"C]sucrose only, whereas K4 must apply to both ['"C]sucrose and water because K4 must equal K2. Based on these considerations we can find no reason to believe that the possibility of intracellular concentration of the fluid-phase marker, [ 14C]sucrose, in any way obviates our conclusions that the cell behaves kinetically as if it consists of at least a 2 compartment system arranged in series, one compartment turning over very rapidly and the other relatively slowly.
Although there is some suggestion in the literature that concentration of solutes may occur during the intracellular processing of pinosomes, the mechanisms underlying this phenomenon are not clear at this time . Steinman et al. (37) felt that it was unlikely that internalized vesicle fluid was returned to the extracellular space by vesicular packaging . Instead, they postulated that internalized fluid is lost by shifts across the newly forming secondary lysosomal membrane during pinosome-lysosome fusion, though they were unable to predict how such a mechanism might operate . However, this concept of intracellular fluid shifts provides a possible mechanism for concentrating solute and is soundly rooted in the observations that the secondary lysosome membrane is semipermeable, causing the vacuolar space to behave as an osmometer (9) . In addition, it is thought that incoming pinosomes shrink during their intracellular travels, though whether this shrinkage occurs before, during, or after fusion with the secondary lysosome is controversial (15, 37) .
Studies on the fate of nondegradable pinocytic substrates have emphasized their retention within full and effete lysosomes or so-called residual bodies (11) . These residual bodies are thought to provide a terminal sink for pinocytic substrates, functionally acting as a third compartment in addition to pinosomes and active secondary lysosomes . Therefore, with respect to our model in Fig . 5 , we have considered the possibility of a third compartment (compartment 3) in series with compartments 1 and 2 and have designed this third compartment to act as a dead-end repository (Fig . 7) . We then asked at what rate could compartment 3 fill (with fractional rate constant ks ) from compartment 2 and yet show accumulation kinetics essentially indistinguishable from those observed. By computer-simulation (Appendix II B) we found that k s could be as great as 0 .08%/min (20% of k4 ) before overall predicted and observed kinetics became incongruent within the first 4 h (Fig . 8) . This is an important finding because it accomodates both nonlinear accumulation on a scale of hours but nearly linear accumulation on a scale of days -a prediction consonant with the findings of others (45) . Because compartment 3 must fill with such a long half-life, we cannot detect its presence within our experimental time course (Fig. 8) . Further investigation of long term kinetics will be necessary, therefore, to determine whether the 2 or 3 compartment model best describes results from our experimental systems. Quantitation of pinocytosis, both fluid-phase and absorptive, has been performed previously using a variety of markers and numerous in vitro systems (3, 4, 5, 21, 27, 29, 31, 32, 33, 38, 39, 43) . To equate accumulated intracellular marker with an absolute endocytic rate in all these studies, it was assumed that the marker, once internalized, could not exit from the cell. However, in light of our results as supported by those mentioned above, the validity of this assumption must be questioned seriously. If this assumption was not correct then all pinocytic rates measured beyond the first few minutes of incubation would be underestimates of the true pinocytic rate . This notion is bolstered by the findings of Steinman et al . (37) : stereological measurements made after 0-5 min of exposure to HRP at 37°showed that peritoneal macrophages internalized extracellular fluid at a rate equivalent to 26% of their cell volume per hour, or the equivalent of 102 nl/h per 106 macrophages while L-cells in log phase growth internalized at a rate equivalent to 3% of their cell volume per hour or the equivalent of 54 nl/h per 106 fibroblasts. However, when these workers quantitated accumulation by enzymatic assay after longer exposures to HRP, their calculated rates decreased to only 72 nl/h per 106 peritoneal macrophages and 32 nl/h per 10 6 fibroblasts. As can be seen from Table V, our calculated initial rates translate into turnover of cellular volume on the order of 26-34%/h in alveolar macrophages and 9-15%/h in confluent lung fibroblasts, findings consistent with those for peritoneal macrophages (see above, [37] ) and for confluent Lcells, respectively (confluent L-cells pinocytose at a rate 2-4 times greater than L-cells in log phase growth; see above, [39] ).
However, in neither cell type described in this paper were we able to measure directly the actual initial rate of ["C]sucrose uptake . The linear accumulation obtained over the first 10 min are only apparent, resulting from the serendipitous sum of two compartments in series . The slope over the first 10 min underestimates the calculated initial rate by 30% in macrophages and 23-43% in fibroblasts. These results emphasize that the bulk of intracellular turnover of engulfed solute and solvent is very rapid. This condition requires that the initial rate of pinocytosis be determined at very early times. Unfortunately, it technically becomes very difficult to quantitate the intracellular accumulation of an extracellular marker over time intervals shorter than 5 min because the volume engulfed during a very short interval approaches the residual volume of extracellular medium that cannot be easily washed from the cell layer and thus constitutes an unreducible level of background noise.
Fortunately, alternatives to the method we have discussed above exist. One of these is to monitor the kinetics of exocytosis and then to use these data to calculate the rate of endocytosis as we have done in this paper. We have shown that, at least for fibroblasts and macrophages, accurate information concerning the movement of water into the cell (KI) can be obtained by quantitating efflux of ["C]sucrose from compartment 1 (K3) and adding to it efflux from compartment 2 (K4) ; i.e . K, = K3 + Ka . Another alternative is to quantitate the initial pinocytic rate by monitoring the appearance of labeled pinocytic vesicles over very short intervals by electron microscopy (37) (38) (39) . This approach is not subject to the same limitations as chemical or radioisotopic analysis, but possesses its own set of restrictions .
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The difficulty in correctly assessing pinocytic function is of concern not only to those interested in the absolute rate of pinocytosis, but also under conditions where only relative rates are required . Failure to determine the true magnitude of early events in pinocytosis may introduce significant errors of interpretation, especially in cases involving changes in flux without concomitant changes in compartmental volumes.
In summary, our results provide the first direct experimental evidence that the majority of fluid-phase marker internalized in pinocytic vesicles is rapidly exocytosed from the cell. That such must be the case was predicted by Steinman et al . (37) based on morphological and theoretical considerations . Our demonstration of the dynamic nature of cellular fluid balance, together with the published observations of rapid membrane recycling (25, 34) , strongly support the concept that endo-and exocytosis are coupled, multicompartmental processes that provide an overall mechanism for cellular volume homeostasis. 
